In this study, we determined the different physical characteristics of nanoscale layered mixed Fe-Co layers of orthoferrite SmFe 0.5 Co 0.5 O 3 based on magnetic and dielectric measurements.
Introduction
Perovskite-based multiferroic materials have attracted much attention because of their wide variety of physical properties [1] [2] [3] [4] [5] . Designing multiferroics is a challenging issue for transition metal perovskites. The prevalence of conjugate ordering in magnetic and electric parameters is particularly important for next generation magneto-electric devices. These interesting physical properties have led to the design of numerous novel devices. Recently, materials such as perovskite lanthanide ferrites LnFeO 3 have attracted much interest due to their potential applications in ultrafast lasers in magnetic devices, as well as multiferroic materials [6] [7] [8] [9] [10] . In these orthoferrites, the Fe 3+ ions form two magnetic sublattices where their spins are antiferromagnetically coupled. In addition, the coupling of electronic orbital states to ordered spins determines the magnetic anisotropy in magneto-electric and multiferroic materials. Understanding the magnetic interactions between the lanthanide Ln 3+ -4f and transition metal Fe 3+ -3d is very challenging but it greatly influences their physical properties, as demonstrated for NdFeO 3 [11] . Similarly, in the perovskite ErFeO 3 the magnetic phase transition can be explicitly explained by Fe 3+ (3d)-Er 3+ (4f) exchange coupling constants [10] . Interestingly, the SmFeO 3 compound also belongs to a class of orthoferrites, and it has been investigated recently in several studies because of its controversial multiferroic properties [12] [13] [14] [15] . Lee et al. [12] conducted theoretical and experimental studies of SmFeO 3 and showed that this phase exhibits improper ferroelectricity at room temperature and magnetization reversal at low temperatures. However, the existence of ferroelectricity in SmFeO 3 was refuted based on experimental investigations by Kuo et al. [15] who suggested that magneto-elastic effects lead to artificial ferroelectricity.
Based on these results, we suggest that the origin of this ambiguous ferroelectricity in SmFeO 3 may be explained by different synthesis conditions, which could be responsible for differences in the lossy character of the samples [12, 15] . Moreover, it has been observed that the multiferroic and magneto-dielectric behavior in B-site doped ferrites LnFeO 3 could be achieved by using different transition metals [16, 17] . Therefore, in the present study, we focused on two parameters comprising B-site doping in SmFeO 3 , i.e., 50% iron replaced by cobalt, and the sol-gel synthesis process, which has many advantages compared with other techniques [18] . One of the most important advantages of this technique is the possibility of controlling the chemical reaction at the molecular level to obtain better crystallinity and phase formation. The nanoscale layered SmFe 0.5 Co 0.5 O 3 perovskite crystallizes in an orthorhombic structure (space group: Pnma) in a similar manner to the parent SmFeO 3 [12] [13] [14] [15] and SmCoO 3 [19, 20] phases. Recently, we reported that this perovskite exhibits a unique nanostructure built of mixed Fe-Co octahedral layers with gradual and periodic variations in the cations from Co-rich to Fe-rich layers [21] . Considering the ability of Fe/Co cations to occupy the same B-site in the perovskite ABO 3 , the design of mixed Fe-Co perovskites could allow the exploitation of various interesting magnetic and dielectric properties. We determined an unusual and complex magnetic transition in the nanoscale layered SmFe 0.5 Co 0.5 O 3 phase as an important feature of the antiferromagnetism, which comprised an anomalous small ordered moment for Fe 3+ and Co 3+ in a similar manner to its parent phases [12, [19] [20] [21] . Moreover, the nanoscale layered SmFe 0.5 Co 0.5 O 3 phase exhibited a positive magneto-dielectric effect of nearly 2.5% at a low temperature (100 K), which may be attributed to weak spin-lattice interactions.
Experimental procedure
The conventional sol-gel method was used to obtain the nanoscale layered SmFe 0.5 Co 0.5 O 3 perovskite sample [18] . Appropriate quantities of the metal nitrates and citric acid were dissolved in distilled water. Citric acid was added to the solution at a quantitative molar ratio of 1:2. The mixture was stirred at 60°C for 3 h and then left undisturbed at 100°C to allow gel formation to occur, before drying at 150°C for 12 h. The powdered compound was allowed to decompose in the air at 250°C for 24 h. The decomposed powder was then sintered several times at various temperatures ranging from 400°C to 800°C with intermediate grinding. The resulting polycrystalline powder was ground again thoroughly and pressed into pellets, which were finally sintered in the air at 950°C for 48 h. The sintered pellets were broken into small pieces and used for various measurements, before some pellets were ground again to obtain a fine powder for recording X-ray diffraction measurements in the 2θ range from 10-100°. The oxygen stoichiometry of the sample was checked by iodometric titration, which confirmed that the value for SmFe 0.5 Co 0.5 O 3 was within the accuracy limit (3 ± 0.05). The sol-gel process allows the synthesis of a single phase sample with uniform crystal morphology at a low temperature and without any secondary phase, as demonstrated by transmission electron microscopy (TEM), high resolution TEM, electron diffraction (ED), High angle annular dark field scanning TEM HAAD-STEM, and electron energy loss spectroscopy EELS studies [21] . The Physical Property Measurement System (PPMS, Quantum Design) was used to investigate the field and temperature dependences of the magnetization under different conditions. Dielectric analyses as functions of the temperature and magnetic field were conducted using the PPMS coupled with an impedance analyzer (Agilent Technologies 4284A) in the temperature range from 10 K to 300 K, frequency range from 10 kHz to 500 kHz, and an applied magnetic field up to 14 Tesla. The applied electric and magnetic fields were in the same directions in order to eliminate contributions due to the Hall Effect [22] .
The electrodes on the pellets were prepared in the capacitor geometry by painting both sides of the polished pellets with silver paste.
Results and discussion
The powder diffraction pattern obtained for the nanoscale layered SmFe 0.5 Co 0.5 O 3 perovskite was indexed with orthorhombic symmetry to the Pnma space group [21] . The X-ray diffraction pattern is presented in Fig. 1 , and the refined data and lattice parameters are given in Table 1 value increased gradually and exhibited a broad maximum around 70 K. Finally, the magnetization decreased abruptly to a lower value below 40 K. However, the ZFC data obtained at 50 Oe exhibited contrasting behaviors in the temperature range considered compared with higher applied fields. There was a large divergence between ZFC-FC in the lower field (Fig. 2a) , whereas the ZFC superimposed the FC data at higher applied fields ( Fig. 2b-c) . This complex magnetic behavior below room temperature could be explained by two inequivalent magnetic orderings at low temperatures between the cations in different magnetic sublattices, i.e., the 4f electron based Ln sublattice and 3d electron based Fe-Co sublattice, which are arranged in an antiparallel manner [17] . The ZFC magnetization curve at 50 Oe indicated antiferromagnetic ordering at 310 K (T N ) and a spin-reorientation transition then occurred at 210 K (T SR1 ). As the temperature decreased further, the magnetization of the system changed from a negative value to a positive value with a second spin-reorientation at 22 K (T SR2 ). By contrast, the FC data indicated the occurrence of a weak spin-reorientation transition below T N , which diverged at 275 K and its behavior was similar to the high field M(T). For the ZFC magnetization curve at 50 Oe, the spin-reorientations according to the variations in temperature could be explained by the fact that the effective moment of the Sm sublattice rotates and aligns in opposite directions relative to the Fe-Co sublattice, thereby resulting in a negative magnetization value. In perovskite orthoferrites, these two sublattices are generally ordered magnetically at different temperatures because spin-reorientation phenomena are observed due to the strong competition between the two magnetic sublattices. This type of magnetization reversal was reported recently for the ErFe 0.5 Co 0.5 O 3 phase by Lohr et al. [17] . The Ln sublattice is ordered antiferromagnetically at relatively low temperatures, whereas the ordering temperature is higher for transition metals [10] [11] [12] 17] . It should be noted that these magnetic transitions could be the source of the magnetization due to strong coupling between the 3d and 4f electrons from the Fe-Co and Ln sublattices. Therefore, the magnetic kink at 210 K and the abrupt decrease in the M(T) value below 40 K could be explained by spin-reorientation. ) and coercive field (6 kOe) at 100 K. Importantly, the magnetization value did not indicate any saturation even when the applied field strength was 5 Tesla, but instead the value increased in an almost linear manner with the applied field, and the maximum magnetization value was 0.066 µ B /f.u., which is similar to that reported for the parent SmFeO 3 perovskite [12] . The M(H) behavior at 2 K was similar to that at 100 K.
However, the corresponding remanent magnetization and coercive field values were lower K could have been due to the canted nature of the magnetic spins, which are antiferromagnetically aligned [23] . This feature is well known for orthoferrites where the weak ferromagnetism is due to non-collinear antiferromagnetism in the Fe sublattice at higher temperatures [11] [12] [13] [14] [15] [16] [17] . The weak ferromagnetism in these orthoferrites could also be attributed to the asymmetric exchange or Dzyaloshinskii-Moriya interaction, which results in canted antiferromagnetic ordering, thereby implying that the nonlinear motions of each sublattice spin along the net magnetization direction do not cancel perfectly [17, 24] . This type of interaction is well established for the perovskite orthoferrite [10-20, 23, 24] .
To investigate the magneto-dielectric correlations, we studied the dependences of the dielectric constant and dielectric loss on the temperature and magnetic field for the nanoscale layered SmFe 0.5 Co 0.5 O 3 perovskite at various frequencies. Figure 4 shows the dependences of the real part of the dielectric constant (ε′) and dielectric loss (tanδ) on the temperature at various frequencies. The ε′ value increased as the temperature increased with a rapid jump around 100 K, where further increases in temperature did not result in a maximum ε′ value as usually found for conventional dielectrics, but instead the ε′ value increased continuously with the temperature. This type of behavior can be explained by dipolar type relaxation coupled with variable type hopping conduction of the charge carrier, which is a common phenomenon for semiconductors [22, 25, 26] . The localized charge carrier usually hops between spatially fluctuating lattice potentials to produce conductivity and the dipolar effect.
This type of dielectric behavior has been reported for polycrystalline Fe-doped perovskites [26] . It should be noted that the magnitude of the dielectric constant for this perovskite system decreased as the frequency increased, which indicates that the nanoscale layered SmFe 0.5 Co 0.5 O 3 perovskite exhibited relaxor-like behavior. Prominent tanδ peaks (Fig. 4b) were observed in the region where the behavior of the dielectric constant changed rapidly.
The shift of the tanδ peaks toward higher temperatures as the frequency increased indicated thermally activated relaxation. Due to the presence of dc conductivity in this perovskite (semiconducting type), tanδ increased with the temperature, i.e., the loss (tanδ) near room temperature was double compared with the peak value (Fig. 4b) .
According to previous studies, it is clear that magnetic and dielectric transitions occur below room temperature, which could lead to correlations between the magnetic and dielectric properties. Hence, we conducted isothermal magneto-dielectric studies at different temperatures. Figure 5(a) shows the dependence of the dielectric constant on the magnetic field for the nanoscale layered SmFe 0.5 Co 0.5 O 3 perovskite at four different temperatures and at a high frequency of 100 kHz [22] . A positive magneto-dielectric value of 2.5% was obtained at 100 K, which was calculated as Δε = [{ε H -ε 0 }/ε 0 ] × 100, where ε H and ε 0 are the dielectric constant values in the presence and absence of magnetic fields, respectively [22, 25] . The values were significantly smaller above and below this temperature, although magneto-dielectric coupling was prominent above 100 K. Thus, in order to understand the source of the behavior observed at high temperatures, we conducted temperature-dependent dielectric analyses in the presence and absence of a magnetic field. Figures 5(b) and 5(c) show the dependences of ε′ and loss (tanδ) on the temperature of the system under different magnetic fields (frequency at 100 kHz). The dielectric constant value varied from 10 to 170
in the temperature range of 10-300 K. At low temperatures (< 90 K), the dielectric constant values were independent of the frequency and temperature. Around 100 K, a sudden increase in the dielectric constant value was observed. The rapid increase in the dielectric constant values above 100 K could be explained by numerous factors that may be intrinsic and/or extrinsic to the system [22, [25] [26] [27] [28] [29] [30] , and thus we analyzed the data in detail to confirm the actual effect. The rapid increase in the ε′ value within a small temperature interval may have occurred due to the onset of ferroelectric ordering where the dipoles are subjected to a double well energy barrier [29] . This effect is intrinsic to the system and the ε′ value follows the Curie-Weiss behavior beyond the ferroelectric ordering. However, for the nanoscale layered SmFe 0.5 Co 0.5 O 3 perovskite, we observed no peak in the ε′ value. Hence, the combined effect of the grain boundary and space charge effect may have been responsible for the behavior observed above 100 K due to the semiconducting nature of the nanoscale layered SmFe 0.5 Co 0.5 O 3 perovskite associated with contact effects. By contrast, the low temperature magneto-dielectric coupling was only due to the intrinsic spin-lattice interaction, which led to a positive magneto-capacitance effect with a maximum value around 100 K. It should be noted that it has been reported that the positive value for the magneto-dielectric constant originates from the spin-lattice interaction, which is an intrinsic property of the system [22, 25, 30] . In addition, the magnetic field-dependent dielectric loss (tanδ) at 100 kHz (inset in Fig. 5c ) exhibited a similar trend to the shift in the ε′ value, as expected for an intrinsic magneto-dielectric effect [22] .
Conclusions
In this study, we analyzed the low temperature magnetic and dielectric behavior as well as the we observed an intrinsic magneto-dielectric effect of ~ 2.5% around 100 K, which suggests active coupling between the ordering in the magnetic and electric parameters, and this is of crucial importance for the next generation of magneto-electric devices. We hope that these results facilitate the exploration of materials with large magneto-dielectric coupling at room temperature. The inset shows the magnified dielectric loss peak.
